-Amylold is a 39-to 43-amino-add neurotoxic peptide that aggregtes to form the core of Ahemer disease-sociated senile (amyloid) plaques. No EPR Spectrscopy and Spin Trapping. 8APs were solubilized to 1.0 mg/ml by addition of buffer [150 mM phosphatebuffered saline at pH 7.4 (PBS) or Hepes at pH 7.4] to lyophilized powder. BSA was solubilized similarly, to concentrations of 1-62 mg/ml. Buffer used for spin trapping contained 50 mM N-tert-butyl-a-phenylnitrone (PBN) (Sigma or Aldrich). In studies designed to inhibit putative metalcatalyzed reactions, the chelator deferoxamine mesylate or EDTA (Sigma) was dissolved to 10 mM in PBS/PBN prior to peptide addition. In a further attempt to nullify buffer-borne metals, PBS/PBN was stirred overnight with Chelex 100, a nonspecific metal-chelating agent.
P-Amyloid peptide (.AP) is a 39-to 43-amino-acid peptide derived from a transmembrane glycoprotein (amyloid precursor protein). PAP forms the core of Alzheimer disease (AD) senile plaques and is postulated to be a major determinant of AD (1) (2) (3) . In neuronal culture, synthetic PAP forms high molecular mass (>15 kDa) aggregates, disrupts Ca2+ homeostasis, and potentiates glutamate excitotoxicity, through processes postulated to involve membrane damage (4) . Recent studies indicate that 8AP neurotoxicity also may occur independently of excitotoxic amino acids (5) .
PAP toxicity appears to be correlated with the aggregation state of the peptide (5, 6) . Freshly solubilized synthetic (AP-(1-40) monomer (p81-40) is not toxic to cultured neurons; however, after days of incubation, the suspension becomes toxic (6, 7) . In contrast, certain peptide sequences within P1-40, notably 825-35, exhibit rapid aggregation and marked neurotoxicity immediately upon solubilization (7, 8) . No (13) (14) (15) .
1l-40 and B25-35 Spin Trapping. Fig. 1A shows the three-line EPR spectrum acquired from p1-40/PBN after incubation at 37°C in PBS. The isotropic 14N nuclear hyperfine coupling in the P1-40-derived spin adduct is obvious from the three-line spectrum; hyperfine coupling to the PBN p-proton was unresolved. A recognizable spectrum first appeared in f31-40/PBN/PBS after a 3-hr incubation at 37°C and reached maximum intensity by 6 hr. No signal was present in PBN/PBS background samples after a 6-hr incubation under the same conditions (Fig. 1B) . The amyloidderived signal persisted up to 95 hr of incubation.
In contrast to the 3-6 hr required for p1-40, p25-35 (the toxic 11-amino-acid fragment of the former; sequence GSNKGAIIGLM) showed an EPR signal after only a 3-min incubation at room temperature in PBN/PBS. The P25-35/ PBN spectra resembled those of the 81-40 peptide. In the case of ,B25-35, maximum signal intensity was obtained within a 60-min incubation. To investigate the role of possible redox-active trace metals in the buffer system, putative metal-catalyzed reactions were inhibited by using Chelex 100 (a nonspecific metal chelator), 10 mM deferoxamine (an iron chelator), or 10 mM EDTA (a divalent cation chelator). In PBS/PBN buffer, all three chelators failed to inhibit the production of a p25-35-derived signal. However, sparging the buffer with N2 did prevent the appearance of the p825-35 EPR signal. In preliminary studies, reoxygenation of the N2-sparged deferoxamine solution caused the appearance of the EPR signal. These results suggest that a reactive amyloid radical was produced by a metal-independent, but oxygen-dependent, mechanism.
p1-40 incubated in Hepes/PBN produced a weak threeline EPR spectrum similar to that produced in PBS (see Fig.  4C ). In contrast to the PBS buffer, an amyloid-derived signal did not appear in Hepes/PBN until [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] P35-25, 1825-35(scram), and BSA Spin Trapping. In a preliminary effort to assess the relationship between free radical production and peptide structure, we studied the reverse and scrambled analogues of ,B25-35, which are not neurotoxic (4) . Both the reverse and the scrambled amyloid sequences, when examined after 3 hr of incubation at 370C in PBN/PBS, produced a detectable EPR signal. As a further control, we studied a large nontoxic protein, BSA. BSA incubated at a concentration equimolar to the pAPs (950 p.M) produced no signal before 6 hr of incubation at 37C, in contrast to p25-35, which showed a strong signal within minutes of incubation at room temperature (Fig. 3) . The BSA signal remained approximately constant and much less intense than the amyloid-derived signals throughout the time course of the study (data not shown).
HPLC-Mass Spectral Analysis. Fig. 4 presents the chromatograms, mass spectrograms, and EPR spectrum acquired from p31-40 immediately after solubilization or following 135 hr of incubation at 37°C in Hepes/PBN. A Hepes buffer system was chosen because HPLC analysis of PBS-buffered peptide, incubated for even short time periods (<1 hr), was essentially impossible to perform due to the presence of visible aggregates which failed to enter the HPLC column. From the appearance of peaks corresponding to low molecular mass species (Fig. 4B) , it is evident that pB1-40 fragmented during incubation, within the time frame reported to induce neurotoxicity (5) . Incubation of p1-40 resulted in a dramatic decrease in the parent peak of the HPLC chromatogram, which was accompanied by the appearance of smaller peptides (Fig. 4 A and B) . Mass spectral analysis ofindividual (Fig. 6) . These results are consistent with the rapid (325-35-induced inactivation of GS and CK (Fig. 5) , rapid generation of PBN adduct (Fig. 2) , and oxygen dependence of the radicalization reaction (see above).
DISCUSSION
The data in this paper demonstrate that certain (3APs can generate free radicals in aqueous solution and suggest that radicalization may be a factor in the neurotoxicity ofamyloid. The appearance of an EPR spectrum in PBS/PBN upon addition of PAP clearly indicates the presence of a peptidederived, free radical -species. The Notionally unresolved AH suggests that a sterically bulky moiety has been trapped (13) (14) (15) . While the mechanism of radicalization is yet unknown, presence of a reactive contmnn is unlikely.
HPLC-MS analysis of the original .1-40 indicated a single species of the correct molecular mass, identical to the documentation provided by the supplier. Furthermore, May et al. (17) have reported that differences in the neurotoxicity of different synthetic BAP lots were not the result of impurities. Thus, it appears more likely that subtle differences in the solution structure of the peptides determine their relative neurotoxicity.
The kinetic dependence of PBN-adduct generation upon buffer system (PBS vs. Hepes) may be a consequence of the reported ROS scavenging ability of Hepes (16) . At 5 mM, Hepes greatly exceeds the molar concentration of 8AP used in this study and could effectively interfere with BAP radicalization. Our observation of rapid radicalization by ,B25-35, in contrast to the lag-time period before ,tl-40 radicalization, parallels published cell culture data and suggests a novel interpretation. Pike et al. (7) reported that ,B25-35 is neurotoxic immediately upon solubilization, within the time frame that we observed an EPR signal arising from this fragnent. However, 8B1-40 is neurotoxic only after preincubation, which correlates with the lag-time period during which no trapped radical is detected. Thus, it appears that presence of radical species derived from ,B1-40 (possibly oligopeptides derived from fragentation reactions) may be necessary for amyloid neurotoxicity.
Although protein damage can result from metal-catalyzed oxidation (7), the inability of metal chelators to inhibit the ,&amyloid associated EPR signal reported in this work suggests that metal-catalyzed redox reactions are not operative in our system. Oxygen does seem to be a requirement for radical generation. Furthermore, as indicated by the 825-35-induced formation of 2,3-DHBA (Fig. 6) alkylsulfides react with oxygen in a metal-independent manner to produce a sulfoxide. It is thought that this sulfide oxidation proceeds through a sulfoperoxy radical or persulfoxide intermediate (18) . Conceivably, such a reactive intermediate could initiate the type of radical process we have observed with PAP or decay with release of ROS. We therefore suggest that Met-35 may be a key amino acid involved in BAP radicalization, aggregation, and neurotoxicity. GS and CK enzymes are sensitive to oxidative lesioning and are both affected in AD (9, (19) (20) (21) . Our data show that P25-35 is a potent inactivator of GS and CK in vitro. The rapid enzyme inactivation suggests that the (25-35 sequence can readily attack biological molecules. The observation that (325-35 loses GS/CK toxicity and salicylate hydroxylating potential with preincubation (Fig. 6 ) parallels the observation of facile PBN-adduct formation by this peptide. Presumably, unstable (325-35 radicals can quickly react with a variety of ambient organic species, other peptides notwithstanding.
The finding that nontoxic (AP fragments (and, at a much slower rate, BSA) generate PBN adducts suggests that radicalization is possibly a necessary but not sufficient criterion for toxicity. Toxicity may be a function of not only the kinetics of radical generation but also the stability of the radical and its efficiency of transfer to lipids and proteins. These characteristics of the radical likely depend on intraand intermolecular interactions that differ among peptides. Though the chemistry of peptide radicals is essentially unknown, structure-activity precedents from the study of small organic radicals indicate that structure is crucial to radical reactivity. For example, nitrogen-and oxygen-centered radicals are normally very reactive and biologically toxic; however, the presence of sterically bulky or resonance-active ligands adjacent to the radical center (e.g., geminal methyl groups in piperidine nitroxides or a phenyl moiety in PBN spin adducts) converts the radical into an essentially inert species. Indeed, stearate nitroxides and nitrone spin traps have shown promise as antioxidants due to their function as chain-transfer reagents (19, 22) . Hence, it is naive to assume that the presence of a radical center should imply biotoxicity independent of other chemical considerations. Thus, while several peptides may generate radicals, the toxicity of a radicalizing peptide depends on a number of factors, and in the case of BSA, it may actually be cytoprotective (see below).
Based on our observations and previously published data, (23) (24) (25) (26) (27) (28) can be rationalized as discreet ramifications of long-term oxidative stress. Further, our proposed scheme allows the possibility of radical-promoted, protease-independent or protease-dependent cleavage ofamyloid precursor protein at a site within the lipid bilayer. Moreover, our hypothesis of free radical-based aggregation and neurotoxicity of SAP offers possible therapeutic strategies in AD involving appropriate free radical scavengers. Finally, our model may help clarify the genesis of prion protein pathology, known to involve amyloid-like plaques and neurodegeneration (29) : it is reasonable that mechanisms similar to those developed in this work may be involved in both prion disorders and AD.
The hypotheses presented in this paper, though consistent with much extant AD data, represent only an initial attempt to understand a novel and complex chemistry. Our data underscore the need for further research into the mechanisms of 8AP aggregation and neurotoxicity.
